High levels of microphthalmia transcription factor (MITF) expression have been described in several cell types, including melanocytes, mast cells, and osteoclasts. MITF plays a pivotal role in the regulation of specific genes in these cells. Although its mRNA has been found to be present in relatively high levels in the heart, its cardiac role has never been explored. Here we show that a specific heart isoform of MITF is expressed in cardiomyocytes and can be induced by b-adrenergic stimulation but not by paired box gene 3 (PAX3), the regulator of the melanocyte MITF isoform. In 2 mouse strains with different MITF mutations, heart weight/body weight ratio was decreased as was the hypertrophic response to b-adrenergic stimulation. These mice also demonstrated a tendency to sudden death following badrenergic stimulation. Most impressively, 15-month-old MITF-mutated mice had greatly decreased heart weight/body weight ratio, systolic function, and cardiac output. In contrast with normal mice, in the MITF-mutated mice, b-adrenergic stimulation failed to induce Btype natriuretic peptide (BNP), an important modulator of cardiac hypertrophy, while atrial natriuretic peptide levels and phosphorylated Akt were increased, suggesting a cardiac stress response. In addition, cardiomyocytes cultured with siRNA against MITF showed a substantial decrease in BNP promoter activity. High levels of microphthalmia transcription factor (MITF) expression have been described in several cell types, including melanocytes, mast cells, and osteoclasts. MITF plays a pivotal role in the regulation of specific genes in these cells. Although its mRNA has been found to be present in relatively high levels in the heart, its cardiac role has never been explored. Here we show that a specific heart isoform of MITF is expressed in cardiomyocytes and can be induced by β-adrenergic stimulation but not by paired box gene 3 (PAX3), the regulator of the melanocyte MITF isoform. In 2 mouse strains with different MITF mutations, heart weight/body weight ratio was decreased as was the hypertrophic response to β-adrenergic stimulation. These mice also demonstrated a tendency to sudden death following β-adrenergic stimulation. Most impressively, 15-month-old MITF-mutated mice had greatly decreased heart weight/body weight ratio, systolic function, and cardiac output. In contrast with normal mice, in the MITF-mutated mice, β-adrenergic stimulation failed to induce B-type natriuretic peptide (BNP), an important modulator of cardiac hypertrophy, while atrial natriuretic peptide levels and phosphorylated Akt were increased, suggesting a cardiac stress response. In addition, cardiomyocytes cultured with siRNA against MITF showed a substantial decrease in BNP promoter activity.
Introduction
Cardiomyocytes are terminally differentiated and lose their ability to proliferate soon after birth. The adult myocardium responds to a variety of pathologic stimuli by hypertrophic growth that frequently progresses to heart failure, arrhythmias, and sudden death. At the cellular level, cardiac hypertrophy is characterized by an increase in cell size and reactivation of the fetal gene program (1) , including cardiac hypertrophy markers such as the natriuretic peptides, atrial natriuretic peptide (ANP) and B-type natriuretic peptide (BNP). Defined transcription factors are involved in this process. These include cardiac transcription factors such as GATA4, MEF2, and immediate early genes, such as c-jun and c-fos (2, 3) . The cellular mechanisms underlying the transition from compensatory to deleterious hypertrophy remain to be elucidated; however, both the MAPK pathway and Wnt signaling, which are important in the regulation of cardiac hypertrophy (3) , are known to upregulate and activate microphthalmia transcription factor (MITF) by phosphorylation (4) (5) (6) .
MITF is a basic helix-loop-helix leucine zipper (bHLH-Zip) DNAbinding protein (7) . Its gene resides at the mi locus in mice (8) , and mutations of this gene (9) result in deafness, bone loss in dominantnegative mi/mi mice, small eyes, and poorly pigmented eyes and skin. In humans, heterozygous mutation in this gene causes Waardenburg syndrome type II (10) , resulting in hypopigmentation and deafness. In the current work, we have used 2 different MITF-mutated mouse strains. Mice with the ce/ce mutation lack the Zip domain of MITF because of a stop codon between the HLH and Zip domains while their normal littermates (sp/sp) express the full-length protein, except for exon 6a (11) (Figure 1, A and B) . The truncated protein is unable to dimerize or to bind DNA (12) . Mice carrying the tg/tg mutation have an insertion of approximately 50 copies of a transgene integrated inside the MITF promoter, and it seems that they are unable to express MITF (13) (Figure 1B) . MITF regulates the transcription of a variety of cell-specific genes, such as tyrosinase and pink-eyed Pmel 17 (silver) (14) , c-kit (15) , granzyme B (16) and tryptophan hydroxylase, and mast cell proteases, such as mouse mast cell protease 6 (mMCP6) (17) .
Several alternate MITF splice products have been described, including a number of alternatively spliced 5′ exons. While exon 1m is melanocyte specific, other exons (such as 1a and 1h) are more widely expressed. These exons are widely spaced in the genomic DNA and are expressed from different promoters (M, A, and H).
The activity of MITF as a transcription factor is influenced in a complex manner by different intracellular proteins. For example, in vitro studies have indicated that MITF can form heterodimers with the 4 related MITF/transcription factor E (MITF/TFE) family members, TFEB, TFEC, TFE3, and upstream stimulatory factor 2 (USF2) (12, 18) . MITF can also form heterodimers with c-jun and c-fos through its Zip domain (19) . We have recently identified 2 inhibitors of MITF transcriptional activity, Hint (20) and PIAS3 (21) .
Although MITF has been shown to be transcribed in high levels in the heart (7), its physiological role in cardiac function has never been explored. Here we show that MITF is highly expressed in cardiac myocytes. Moreover, MITF-mutated mice show a diminished hypertrophic response to β-adrenergic stimulation, decreased cardiac function, and a tendency to sudden death. Middle-aged MITF-mutated mice have a much smaller heart mass and have greatly decreased cardiac function and cardiac output (CO).
Whereas in normal littermates, the BNP level is greatly increased in response to β-adrenergic stimulation, in MITFmutated mice, this response is almost abolished. These data imply that cardiac hypertrophy is impaired in MITF-mutated mice, demonstrating that MITF plays an important role in this physiological response.
Results

MITF expression in the heart. MITF expression was detected in car-
diac myocytes using PCR analysis, Western blot analysis, and immunohistochemical staining. Protein lysates were extracted from heart, kidney, liver, and spleen of WT C57BL/6 mice. A high level of MITF expression was detected in the heart compared with the other tissues ( Figure 1C ). There are several known isoforms of MITF, differing at the NH 2 terminus (Figure 1, A and B) . A short form (MITF M) is expressed in melanocytes while the longer isoforms are expressed in other cells, including osteoclasts and mast cells (22) . MITF was expressed in cardiomyocytes both in the H9C2 cell line and in rat neonatal primary culture and was detected at the approximate molecular weight of mast cell MITF ( Figure 1D ). An upper band appears in some of the lanes, probably due to phosphorylation of MITF (4) . Immunohistochemical staining against MITF demonstrated the expression of MITF in cardiomyocytes in normal hearts ( Figure 1E ) whereas no expression was detected in tg/tg mutated mouse hearts ( Figure 1F ).
Several alternative splicing products of MITF have been described, including splicing of the first exon. The MITF gene contains different promoters whose activation is probably dependent on the tissue or cell type. The regulation of MITF expression has only been studied in depth in melanocytes, so little is known about the regulation of its expression in other cells.
At least 4 alternate MITF first exons have been described so far in mice ( Figure 1B) . In order to characterize MITF subtypes in the heart and to verify the lack of MITF expression in tg/tg mice, PCR was performed on cDNA from tg/tg and ce/ce MITF-mutated mice and their normal littermates ( Figure 1G ). The primary transcript identified was from exon 1h in normal and in ce/ce mutated mice. No transcript was detected for tg/tg mutated mice, supporting the initial report (7) .
RNA RT-PCR amplification, cloning, and sequencing of MITF cDNAs identified several MITF splice products in cardiomyocytes ( Figure 1H ). Exon 6a, an 18-bp alternate exon, was present in approximately two-thirds of MITF splice products. Exon 6a helps stabilize the MITF-DNA interaction, but its physiological role is unknown. While various short isoforms of MITF, whose biochemical function is unknown, are described in the literature, almost all transcripts were full length. Characterization of MITF promoter in cardiomyocytes. Several plasmids containing the sequence upstream of the MITF transcription start site in the heart were constructed by genomic PCR amplification and subsequent ligation into the pSP72 luciferase-reporter vector. These constructs were transfected into H9C2 cardiomyocytes in order to determine the promoter elements that are responsible for MITF transcription in the heart. Expression of MITF was elevated by increasing the length of the upstream sequence up to -680 ( Figure 2A H9C2 cardiomyocytes were transfected with either the H promoter construct or the M promoter construct, followed by isoproterenol activation. Upon activation, MITF H promoter activity was induced ( Figure 3A ). However, MITF M promoter activity was not induced even with a high dose of isoproterenol. H9C2 cells were cultured with medium containing 10 μM isoproterenol for 6 hours, and MITF protein level was determined by Western blot analysis. MITF level was significantly induced by isoproterenol ( Figure 3B ). Thus, our results show that the regulation of MITF in cardiomyocytes is different from that in melanocytes. Characterization of the heart of MITF-mutated mice. Heart weights (HW) and body weights (BW) of 5-week-old normal and MITFmutated mice were determined, and the HW/BW ratios were calculated ( Table 1 ). The HW/BW ratios of tg/tg mice were decreased by 12% compared with their normal littermates (P < 0.005, n = 6), and HW/BW ratios of ce/ce mice were decreased by 8% compared with their normal littermates (P < 0.05, n = 12). No significant differences in BW were observed in either MITF-mutated mice model ( Table 1 ). Histological staining did not reveal any gross pathology in either ce/ce or tg/tg MITF-mutated mice.
Isoproterenol-induced cardiac hypertrophy is abnormal in MITF-mutated mice. In order to further explore the importance of MITF in the heart, we used isoproterenol administration as a cardiac hypertrophy model. Six-week-old ce/ce MITF-mutated mice and their normal littermates (sp/sp) were administered either saline or isoproterenol for 7 days. Isoproterenol induced an approximately 19% increase of HW/BW ratio in normal mice ( Figure 3D ), but only a 7% increase was observed in ce/ce mutated mice (P < 0.00001, n = 12). Three of the ce/ce mice that received isoproterenol suffered sudden death immediately after isoproterenol administration, suggesting an arrhythmogenic cause for sudden death. None of the other mice died, and none of the deaths occurred before the fifth day of treatment.
Normal and tg/tg MITF-mutated mice were administered either saline or isoproterenol for 7 days ( Figure 3E ). In normal littermates, HW/BW ratio was increased by approximately 13% (P < 0.01, n = 6), while in tg/tg MITF-mutated mice no significant increase was observed. Myocyte cell diameter was measured by microscopic analysis of fixed sections of LVs. Isoproterenol caused an increase of 15% in myocyte cell diameter in normal littermates ( Figure 3F ) whereas in ce/ce mice, there was only a 4% increase (P < 0.00001, n = 4).
We attempted an aortic banding model in MITF-mutated mice. In both WT and MITF-mutated mice, all sham-operated mice survived. Nine out of 13 WT mice survived aortic banding. However, only 4 out of 10 MITF-mutated mice survived aortic banding. Since most deaths occurred within 24 hours after surgery, one could postulate a cardiac cause of death, but we have no data to support this theory.
Cardiac function of MITF-mutated mice. The physiological effect of MITF was studied by echocardiography on ce/ce mice and their normal littermates who had received either saline or isoproterenol for 7 days. LV end diastolic diameter (LVEDD) was not significantly increased in isoproterenol-treated ce/ce mice. However, LV end systolic diameter (LVESD) was significantly increased in isoproterenol-treated ce/ce mice compared with all groups (P < 0.05, n = 8) ( Table 2) . Shortening fraction (SF) was not affected by isoproterenol administration in normal littermates (60.8% ± 4.0% versus 60.7% ± 4.5%). However, SF was reduced to 45.4% in ce/ce mice receiving isoproterenol (P < 0.01) ( Table 2 ). The tg/tg MITFmutated mice had decreased cardiac function compared with their normal littermates (Table 3) , as evident by the decrease in SF (62.6% versus 44.6%, P < 0.001, n = 6). However, no decrease of cardiac function in response to isoproterenol administration was observed.
Function of the β-adrenergic system was evaluated by measuring peak heart rate (HR) and cAMP levels immediately following either isoproterenol or normal saline administration. Peak HR was similarly elevated in normal and MITF-mutated mice (from 446 ± 21 to 500 ± 14 and from 456 ± 22 to 516 ± 14 bpm, n = 5). cAMP levels were also similarly increased from 665 ± 56 pg/μl to 981 ± 85 pg/μl and from 684 ± 38 pg/μl to 966 ± 77 pg/μl, respectively. These results indicate that the β-adrenergic system is not impaired in MITF-mutated mice.
Characterization of the hearts of middle-aged MITF-mutated mice. Morphometric and echocardiographic measurements were performed on 15-month-old normal (sp/sp) and MITF-mutated (ce/ce) mice. No significant difference in BW was noted (Table 4) while tibial length was only slightly decreased in MITF-mutated mice. HW and chamber weights were decreased by approximately 30% in MITFmutated mice. This decrease was more accentuated in the RV than in the LV (55% versus 19% respectively). Results were highly significant when corrected both to BW and to tibial length. It should be noted that HW/BW ratio was increased in 15-month-old normal mice compared with 5-week-old mice (5.44 ± 0.18 versus 4.64 ± 0.11) but not in MITF-mutated mice (4.29 ± 0.08 versus 4.22 ± 0.21).
While diastolic diameters were not significantly different between normal and MITF-mutated mice (Table 5) , LVESD was increased in MITF-mutated mice. SF was reduced from 43.9% in normal mice to 32.8% in MITF-mutated mice (Table 5 and Figure 4) . Cardiac index was also decreased from 2.43 ml/min/g to 1.46 ml/min/g. Middle-aged MITF-mutated mice showed decreased cardiac mass, decreased cardiac function, and lower CO.
BNP expression in normal and MITF-mutated mice. BNP is both a marker and a modulator of cardiac hypertrophy. Thus, BNP mRNA level was measured by real-time PCR in normal and MITF-mutated mice treated with either saline or isoproterenol. BNP levels in WT mice were increased 5- to 8-fold after isoproterenol administration ( Figure 5A ). Interestingly, in ce/ce MITFmutated mice, BNP mRNA was not increased (P < 0.005, n = 6). There was no significant difference between saline- and isoproterenol-treated ce/ce mutated mice. Similarly, BNP mRNA levels did not increase in tg/tg MITF-mutated mice ( Figure 5B ) while a 2-fold induction was noted in their normal littermates (P < 0.05, n = 5). Thus, MITF-mutated mice have a greatly diminished BNP response to isoproterenol administration. The effect of MITF on BNP expression was studied. H9C2 cells were transduced with lentiviral vector expressing either scrambled or MITF-specific siRNA, and 24 hours later, the cells were transfected with BNP promoter-reporter vector. BNP promoter activity was decreased by approximately 40% by MITF-specific siRNA ( Figure 5C ). Moreover, while MITF overexpression increased BNP promoter activity, overexpression of the ce/ce mutant form did not increase BNP promoter activity ( Figure 5D ). Thus, we conclude that the BNP promoter is at least partially regulated by MITF. In contrast with BNP, and as opposed to in normal mice, the induction of ANP by isoproterenol was significantly increased in MITFmutated mice as measured by real-time PCR (P < 0.01, n = 8) (Figure 5E ). In addition, as expected, phosphorylated ERK (p-ERK) was present at low levels in the control mice ( Figure 5F ). Isoproterenol induced p-ERK 3-fold in normal mice (P < 0.05, n = 5) as opposed to the MITF-mutated mice, in which no such induction occurred. Levels of p-Akt were decreased by isoproterenol in normal mice, in contrast with MITF-mutated mice, where the levels were significantly increased (P < 0.01, n = 5) ( Figure 5F ).
Neonatal rat cardiomyocytes were transduced with a lentiviral vector expressing either scrambled RNA or siRNA directed against MITF. p-ERK levels were decreased in comparison with those measured following transduction with scrambled control virus ( Figure 5G ). In addition, p-ERK levels were increased in H9C2 cells overexpressing MITF ( Figure 5G ) while MITF overexpression had no effect on ERK levels. Both ERK1 and ERK2 were similarly phosphorylated by MITF overexpression ( Figure 5H ). Thus, we conclude that MITF is involved in the phosphorylation of ERK rather than in its expression.
Discussion
In the present work, we confirmed that MITF is found in the heart and demonstrated that it is expressed in cardiomyocytes where it plays a key regulatory role in cardiac hypertrophy. By using mice carrying mutations in this transcription factor, we have shown here that they have a decreased hypertrophic response to β-adrenergic stimulation as shown by a greatly diminished increase in HW/BW ratio and by a decrease in cardiac function in response to isoproterenol treatment. Middle-aged MITF-mutated mice have decreased cardiac mass and decreased cardiac function. Thus, the above observations indicate that, while MITF-mutated mice do not respond to various stimuli with cardiac hypertrophy, they develop a decreased cardiac function and CO. These mice are also unable to increase BNP expression in response to β-adrenergic stimulation, unlike their normal littermates.
PAX3 has been previously shown to be an important regulator of MITF in melanocytes. Since PAX3 has been described as playing a significant role in cardiac development (23), we studied its possible involvement in the regulation of MITF transcriptional activity in cardiomyocytes. Our data indicate that, as opposed to its effect on the MITF M promoter, PAX3 does not regulate the MITF H promoter, which is the main isoform expressed in the heart. Surprisingly, the β agonist isoproterenol induces the MITF H promoter but not the MITF M promoter. Thus, MITF expression in different cells would seem to be regulated at least partially by different transcription factors. Further investigation is warranted to understand in detail the regulation of MITF in cardiomyocytes.
β agonists induce protein kinase A (PKA) activity (reviewed in ref. 24) , and PKA has been recently shown to induce MITF expression through both cAMP response element binding protein-mediated (CREB-mediated) and non-CREB-mediated mechanisms in melanocytes; this activation is critical for melanogenesis (25) . Its importance to MITF signaling in cardiomyocytes remains to be determined. However, computer analysis of MITF H promoter reveals several CREB-binding sites, suggesting a similar mechanism.
It is known that during isoproterenol-induced cardiac hypertrophy, the level of BNP increases dramatically (26) . However, in MITFmutated mice, this response is significantly blunted. It was recently shown that BNP is an important regulator of cardiac hypertrophy (26, 27) . Npr1 -/-mice, which lack the natriuretic peptide receptor NPR-A, have cardiac hypertrophy, and BNP levels were directly proportional to the increase in heart mass (28) . Furthermore, these mice exhibited cardiac dilatation and sudden death in some of the animals. The mechanisms responsible for the regulation of BNP transcription are still not understood. We have shown here, using siRNA technol- ogy and by overexpression, that MITF expression is important for BNP promoter activity. Whether MITF is one of the direct regulators of BNP expression has yet to be investigated. However, several MITFbinding sites can be found in the BNP promoter region. p-ERK was not induced in MITF-mutated mice, in contrast with normal mice, and therefore, this hypertrophic pathway seems to be impaired, potentially resulting in increased cellular load as noted by increased p-Akt and ANP in the MITF-mutated mice and by the decrease in cardiac function ( Figure 6 ). Furthermore, our results demonstrate a novel role for MITF in the phosphorylation of ERK but not in its expression. TFE3, which is closely related to MITF, has been recently shown to increase ERK phosphorylation but not its expression in hepatocytes (29) , indicating that transcription factors of the MiT family might be involved in a feedback loop on MAPKs. Interestingly, MITF binds with high affinity both phosphorylated and unphosphorylated ERK1 and ERK2 (30) and therefore might affect the ERK activation cascade.
MITF was previously shown to regulate cathepsin K expression in osteoclasts (31) . There is redundancy in function between MITF and TFE3 in the regulation of cathepsin K, and only dominantnegative MITF mutations result in impaired expression (32) . Since both tg/tg and ce/ce mutations are recessive mutations, we do not expect that cathepsin K would be affected. Although cathepsin K is crucial for bone remodeling (33) , there is currently no evidence that cathepsin K mutations cause cardiac pathology, and cathepsin K is mainly expressed in osteoclasts. Furthermore, dilated cardiomyopathy was described in cathepsin L-deficient mice (34) while the phenotype we observed for MITFmutated mice is characterized mainly in decreased cardiac mass. Therefore, we do not believe that cathepsin K is related to the cardiac pathology observed by us.
MITF was traditionally described as a transcription factor that is specifically expressed in mast cells, melanocytes, osteoclasts, and retinal pigmented epithelium. In these cells, MITF regulates the transcription of cell-specific genes. This transcription factor has been recently linked to the control of cell-cycle arrest by interaction with Rb1 and p21Cip1 (35) and the regulation of cyclin-dependent kinase 2 (CDK2) (36) . Although cardiomyocytes undergo terminal differentiation soon after birth, irreversibly withdrawing from the cell cycle, growth stimulation does induce cell hypertrophy. Such growth stimulation is also responsible for the upregulation of G1 cyclins and CDK activity in proliferating cells (37) , including CDK2 (38) . Thus, it would seem that MITF plays a much broader role than traditionally described both in function and in tissue specificity. A role in hypertrophy was recently described for TFE3, which is closely related to MITF. Overexpression of TFE3 caused hypertrophy of hepatocytes and hepatomegaly (29) . The current work suggests a new role for MITF in the regulation of cardiac hypertrophy.
One possible explanation for the cardiac hypotrophy of the MITF-mutated mice could be a defect in the growth hormone-IGF (GH-IGF) axis. Despite extensive research on the GH-IGF axis, neither MITF nor any bHLH-Zip transcription factors were ever implicated in the regulation of this axis. Furthermore, while both GH receptor- and IGF-I-null mice have decreased BW (39), neither tg/tg nor ce/ce mutated mice have decreased BW. GH receptor-null mice do not exhibit cardiac hypotrophy (39) . Thus, the GH-IGF axis does not seem to be related to our findings.
Further investigation is needed in order to fully decipher the role played by MITF in the physiology of the heart, its regula- Decreased SF and decreased CO were seen in ce/ce mice. CO was calculated from the velocity-time integral and aortic root cross-sectional area. IVSs, interventricular septum systolic diameter. Results are expressed as mean ± SEM.
Figure 4
M-mode (left) and Doppler echocardiograms (right) of 15-month-old normal (sp/sp) and MITFmutated (ce/ce) mice.
tion, and its participation in different signal transduction pathways in cardiac hypertrophy.
Methods
Cell culture. NIH 3T3 and H9C2 cells were cultured in growth medium as previously described (21) . Myocardial cells from ventricle fragments of hearts of 1-day-old Sprague-Dawley rats were isolated by serial trypsinization as previously described (40) . Cells were suspended in F-10 medium (Biological Industries) containing 10% heat-inactivated fetal calf serum and 10% horse serum (Biological Industries) and penicillin-streptomycin antibiotic solution. This medium was also used as the standard culture medium in the experiments. The cell suspensions were enriched with myocytes by preplating on tissue culture dishes for 30 minutes to allow attachment of fibroblasts. The cells were plated on 60-mm Petri dishes at a density of 10 6 cells/ml. and bred to produce sp/sp and ce/ce mice for experiments. The MITF encoded by the mutated mouse allele (ce/ce) lack the zip domain of MITF because of a stop codon between the HLH and zip domains while their normal littermates (sp/sp) express the full-length protein, except the 6 amino acids of exon 6a (11) . VGA-9 tg/+ mice were kindly provided by H. Arnheiter (NIH, Bethesda, Maryland, USA). Mice carrying the tg/tg mutation have an insertion of approximately 50 copies of a transgene integrated inside the MITF promoter and are unable to express MITF ( Figure 1B ). Normal littermates of tg/tg mice were determined by genomic DNA extraction from tails and subsequent PCR analysis. Normal littermates of ce/ce mice (sp/sp) were distinguished by coat color.
Six-week-old sp/sp and ce/ce mutated mice were administered either 5 mg/kg isoproterenol (Sigma-Aldrich) or saline subcutaneously for 7 days for the induction of cardiac hypertrophy. Animals were killed and HW/BW ratios were calculated and expressed as milligrams HW per gram BW. All experiments were performed in compliance with the Israeli Prevention of Cruelty to Animals Law and were approved by the Hebrew University Animal Care and Use Committee. Antibodies. Anti-mouse MITF antibody directed against the N terminus of MITF (Exalpha Biologicals) and anti-mouse β-actin antibody (SigmaAldrich), anti-mouse p-ERK and p-Akt (Santa Cruz Biotechnology Inc.), and anti-rabbit ERK (Upstate USA Inc.) were used for Western blots and immunohistochemical staining.
Histology and immunohistochemistry. Formalin-fixed, paraffin-embedded tissue samples were cut into 5-μm sections, deparaffinized in xylene, and rehydrated through a series of decreasing concentrations of ethanol. Sections were stained with H&E or with the indicated antibodies using the EnVision+ system (Dako) according to the manufacturer's instructions.
To evaluate the mean diameter of LV cardiomyocytes, the shortest diameter of each cardiomyocyte was measured only in nucleated transverse sections stained with H&E. At least 30 cardiomyocytes in each LV were measured using an ocular micrometer disc with a linear scale at a magnification of ×400, and the average cardiomyocyte diameter of each specimen was calculated as previously described (41) . Four hearts were measured in each group.
PCR amplification. Total RNA was prepared from hearts of mutant and WT control mice using TRI Reagent (Sigma-Aldrich). For PCR analysis, RNA was reverse transcribed using Expand Reverse Transcriptase (Roche Applied Science). Primers were used to amplify the region between alternative exon 1 and the constant exon 5 of MITF. cDNA from hearts of ce/ce and tg/tg MITF-mutated mice and their normal littermates was used as a template. The resulting PCR products were electrophoresed on agarose gels. The primers used for MITF amplification were as follows: exon 1a, 5′-AAGTCGGGGAGGAGTTTCAT-3′; exon 1e, 5′-TCACAGAG-GTTAGTAGGTGGATGGG-3′; exon 1h, 5′-GGCGCTTAGATTTGAGA-TGC-3′; exon 1m, 5′-GAGGACTAAGTGGTCTGCGG-3′; and exon 5, 5′-GGACAGGAGTTGCTGATGGT-3′.
Real-time quantitative PCR. Candidate MITF responsive genes were measured using real-time quantitative PCR. Total RNA was extracted from hearts of WT, ce/ce, and tg/tg mice. mRNA levels of various genes were quantified by SYBR Green incorporation (SYBR Green PCR Master Mix; Applied Biosystems) on ABI Prism 7000 Sequence Detection System (Applied Biosystems) and were normalized to β-actin housekeeping genes.
The primers used for gene amplification for real-time PCR were as follows: β-actin sense, 5′-CCTGATCCACATCTGCTGGAA-3′; β-actin antisense, 5′-ATTGCCGACAGGATGCAGAA-3′; BNP sense, 5′-CACCGCT-GGGAGGTCACT-3′; BNP antisense, 5′-GTGAGGCCTTGGTCCTTCAA-3′; ANP sense, 5′-TTCTTCCTCGTCTTGGCCTTT-3′; and ANP antisense, 5′-GACCTCATCTTCTACCGGCATCT-3′.
Plasmid construction. Plasmid pcDNA3.1 -vector containing WT MITF was kindly provided by D. Fisher (Dana-Farber Cancer Institute, Boston, Massachusetts, USA). MITF H isoform was amplified by PCR and ligated into pcDNA using HindIII and EcoRI (New England Biolabs Inc.).
MITF heart-promoter fragments were enhanced using PCR of genomic mouse DNA and were ligated into plasmid pSP72 vector (Promega) using NotI and EcoRI. BNP promoter was enhanced using PCR of genomic mouse DNA from -1421 to +18 and was cloned into pGL3 basic vector (Promega) using KpnI and HindIII.
RNA interference assay. The following primer was designed for inhibition of MITF expression: 5′-CAGCAGCGAGCTAAGGACC-3′ (GenBank accession number XM_232215). It was cloned under the control of the polymerase-III H1-RNA promoter, as described previously (42) . The cassette of the H1-RNA promoter together with the MITF primer was further cloned in modified HIV-1-based SIN18 vector. As control, a scrambled 19-mer H1-RNA promoter construct cloned into the SIN18 vector was used. All the constructs were verified by sequencing. Viruses were produced by transient cotransfection of 3 plasmids into 293T cells and concentrated by ultracentrifugation as described earlier. For transduction, H9C2 cells or primary rat neonatal cardiomyocytes were incubated directly with the viral particles in the presence of 5 μg/ml Polybrene (Sigma-Aldrich) at 37°C for 2 hours, and then complete medium was added.
Transient cotransfection and luciferase assay. H9C2 cardiomyocytes (2 × 10 5 ) were transfected by TransFast Reagent (Promega) with 0.1 μg MITF promoter fragments-pSPLuc reporter. Cells were incubated in 24-well plates for 48 hours, then lysed and assayed for luciferase activity. The luciferase activity was normalized to the total protein concentration. MITF M promoter-reporter vector was kindly provided by M. Revel (Weizmann Institute of Science, Rehovot, Israel). NIH 3T3 cells were cotransfected with 0.1 μg of either MITF M or MITF H promoter-reporter constructs and Pax3 expression vector, kindly provided by P. Gruss (Max-Planck Institute, Göt-tingen, Germany). H9C2 cells were transfected with MITF H and M promoter construct and 48 hours later were activated by addition of 10 μM isoproterenol to serum-free medium for 6 hours.
Echocardiography. Echocardiograms of MITF-mutated mice and normal littermates were carried out on mice anesthetized with IP administration of ketamine and diazepam according to BW after 7 days of isoproterenol or saline administration. Echo imaging was performed using a GE Vivid 7 platform equipped with a 15 MHz linear epiaortic transducer (GE Healthcare). Measurements were performed in triplicate using the leading edge convention for myocardial borders, as defined by the American Society of Echocardiography (43) . The following parameters were measured: LVEDD; LVESD; anterior wall thickness in diastole and systole (AWTd, AWTs); posterior wall thickness in diastole and systole (PWTd, PWTs); and HR. SF was calculated as follows: SF (%) = (LVEDD-LVESD)/LVEDD. Peak HR was assessed by repeated measurements of HR in the first 5 minutes following i.p. administration of isoproterenol (3 mg/kg). After aortic flow velocity, velocity-time integral (VTI), and aortic root diameter (AoD) were obtained, CO was calculated from the following equation: CO = π(AoD) 2 
Figure 6
Proposed model for the general molecular mechanism of MITF in cardiac hypertrophy. Following isoproterenol activation, ERK and MITF are activated through cAMP. However, in MITF-mutated mice, both ERK and MITF are not activated while activated Akt and ANP are increased, indicating a cellular load response.
cation, followed by the Tukey's procedure when appropriate. Null hypothesis was rejected at the P < 0.05 level. Data are reported as mean ± SEM.
